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ABSTRACT
Ma, H.-X., Bai, G.-H., Zhang, X., and Lu, W.-Z. 2006. Main effects,
epistasis, and environmental interactions of quantitative trait loci for
Fusarium head blight resistance in a recombinant inbred population.
Phytopathology 96:534-541.
Chinese Spring Sumai 3 chromosome 7A disomic substitution line
(CS-SM3-7ADS) is highly resistant to Fusarium head blight (FHB), and
an F7 population of recombinant inbred lines derived from the cross CSSM3-7ADS × Annong 8455 was evaluated for resistance to FHB to investigate main effects, epistasis, and environmental interactions of quantitative
trait loci (QTLs) for FHB resistance. A molecular linkage map consists of
501 simple sequence repeat and amplified fragment length polymorphism
markers. A total of 10 QTLs were identified with significant main effects
on the FHB resistance using MapQTL and QTLMapper software. Among
them, CS-SM3-7ADS carries FHB-resistance alleles at five QTLs on
chromosomes 2D, 3B, 4D, and 6A. One QTL on 3BS had the largest

Fusarium head blight (FHB), primarily caused by Fusarium
graminearum Schwabe, is a devastating and insidious disease of
wheat in humid and semihumid areas worldwide (4). In China,
FHB has affected more than 7 million hectares of wheat, and has
caused yield losses of more than 1 million tons in severe epidemics (33). In the United States, several severe FHB outbreaks
on wheat and barley from 1991 to 1997 resulted in ≈$1.3 billion
of direct losses and $4.8 billion of losses for the accumulative
economic impact (15). FHB has been a threat to wheat production
in many other countries. Furthermore, the most serious threat of
FHB is from the contamination of harvested grain with mycotoxins that make the grains unsuitable for human consumption
and animal fodder (4).
Measures for chemical and agronomic control are either ineffective or infeasible. The employment of FHB-resistant cultivars
is still the most economical and effective method to reduce losses
caused by FHB (4). Wheat cultivars such as Sumai 3 and Wangshuibai from China, Nobeokabouzu from Japan (4), and Praa 8
and Novokrumka from Europe have been reported to have good
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effect and explained 30.2% of the phenotypic variance. Susceptible QTLs
were detected on chromosomes 1A, 1D, 4A, and 4B. A QTL for enhanced
FHB resistance was not detected on chromosome 7A of CS-SM3-7ADS;
therefore, the increased FHB resistance in CS-SM3-7ADS was not due to
any major FHB-resistance QTL on 7A of Sumai 3, but more likely was
due to removal of susceptible alleles of QTLs on 7A of Chinese Spring.
QTLMapper detected nine pairs of additive–additive interactions at 17
loci that explained 26% phenotypic variance. QTL–environment
interactions explained 49% of phenotypic variation, indicating that the environments significantly affected the expression of the QTLs, especially
these epistasis QTLs. Adding FHB-enhancing QTLs or removal of
susceptible QTLs both may significantly enhance the degree of wheat
resistance to FHB in a wheat cultivar.
Additional keywords: Chinese Spring substitution line.

FHB resistance (11). The quantitative trait loci (QTLs) for FHB
resistance recently have been studied extensively in Sumai 3 and
its derivatives (1,2,7,8,31). The major QTL on 3BS of Sumai 3
has been well characterized and used in breeding programs worldwide (4), whereas effects of other QTLs are poorly characterized
due to environmental effects on the expression of these QTLs.
Characterization of these QTLs different from that on 3BS of
Sumai 3 may provide new genes for improvement of FHB
resistance in wheat cultivars and could diversify FHB sources of
resistance in breeding programs (10,20,22,34). Furthermore,
characterization of epistatic interactions between different QTLs
and environmental effects on QTL expression may provide new
insight into further understanding of genetic mechanisms of FHB
resistance and a new strategy for efficient use of limited FHB
resistance sources in wheat-breeding programs. In addition, how
susceptible QTLs affect FHB expression of a cultivar is still
unknown.
Chinese Spring is a cultivar showing moderate reaction to FHB
infection, but it became highly resistant when the 7A chromosome of Sumai 3 replaced its corresponding chromosome (32,35).
To date, QTL for FHB resistance has not been reported on
chromosome 7A of Sumai 3. It is worthwhile to find out whether
the increased resistance was from 7A of Sumai 3 or from other
chromosomes of Chinese Spring. In the present study, a recombinant inbred line (RIL) population of the cross Chinese Spring
Sumai 3 chromosome 7A disomic substitution line (CS-SM37ADS) × Annong 8455 was evaluated for FHB resistance in two
different environments (greenhouse and field) to determine QTL
location, main effects, digenic epistasis, and QTL–environment
(QE) interactions.

MATERIALS AND METHODS
Plant materials. The CS-SM3-7ADS line was developed by
backcrossing chromosome 7A monosomic line of Chinese Spring
(recurrent parent as female) to FHB-resistant cultivar Sumai 3
four times (32). After each backcross, progenies with 2n = 41
chromosomes and morphologically similar to Chinese Spring
were selfed to generate a male parent for the next backcross. In
BC4F1, the monosomic plants were selected and selfed. Disomic
plants with 2n = 42 chromosomes from the selfed progenies were
selected and advanced to develop the substitution line CS-SM37ADS. The substitution line was analyzed with a set of chromosome-specific simple sequence repeat (SSR) markers and evaluated
for FHB resistance (35). The result showed that CS-SM3-7ADS
had all SSR alleles for markers from Chinese Spring, except that
markers on chromosome 7A were from Sumai 3. The CS-SM37ADS line showed the same level of resistance as that in Sumai 3
and, therefore, was used as resistant parent in this study. In all, 92
F7 RILs were derived from the cross CS-SM3-7ADS × Annong
8455 by single-seed descent. Annong 8455 (NPFP 73 × Annong
1) is an FHB-susceptible wheat cultivar released from Anhui
Agricultural University in China.
Evaluation of FHB. In 2004, the F7 generation of the RILs and
their parents were evaluated in both the United States and China.
Plants were grown in a greenhouse at Kansas State University,
Manhattan, KS, and in the field of Jiansu Academy of Agricultural Sciences, Nanjing, China. The experiments were arranged as
a complete randomized-block design with three replications. In
the greenhouse experiment, each replication (pot) consisted of
three plants per line, whereas a 1.2-m row was planted as a
replication for each line in the field experiment.
F. graminearum isolates GZ 3639 and F15 were used as inocula
in Kansas and Nanjing, respectively. They all originated from
infected grain harvested from local fields and have been well
characterized for their high virulence in wheat. Mung bean liquid
medium was used to produce conidial inoculum (3). A droplet of
conidia (≈1,000 spores) was injected into a central floret of
selected spikes at anthesis with a hypodermic syringe. In the
greenhouse experiment, the inoculated plants were misted with
tap water from a hand mister and enclosed in a moist chamber
that consisted of a polyethylene-sheet-covered frame on a greenhouse bench. On the fourth day after inoculation, plants were
returned to their original positions on the greenhouse benches. In
the field experiment, an inoculated spike was covered with a
plastic bag for 3 days to maintain high humidity. Scabbed spikelets and the total number of spikelets in each inoculated spike
were counted on day 21 after inoculation. Disease severity was
calculated as the proportion of scabbed spikelets (PSS) per
inoculated spike.
SSR and amplified fragment length polymorphism analysis.
In all, 1,013 pairs of SSR primers were used for parental screening, which included 101 GWM SSR primers (19), 432 BARC
primers (24), 374 WMC primers (25), 8 GDM primers (18), and
98 CFD or CFA primers (14,26). Polymerase chain reaction
(PCR) reactions were performed in a DNA Engine Tetrad Peltier
thermal cycler (MJ Research, Waltham, MA). IRdye-labeled M13
primer was used for fragment detection in a Li-Cor DNA
Analyzer (Li-Cor, Lincoln, NE). Forward SSR primers were
attached with a M13 tail in 5′ end. A 10-µl PCR mixture for SSR
contained 40 ng of template DNA, 0.1 µM each primer, 0.2 mM
each dNTP, 1× PCR buffer, 2.5 mM MgCl2, and 0.6 units of Taq
polymerase (Promega Corp., Madison, WI). A touchdown program was used for PCR amplification, in which the reaction
incubated at 95°C for 5 min, then continued for five cycles of 45 s
of denaturing at 95°C and 5 min of annealing at 68°C, with a
decrease of 2°C in each subsequent cycle and 1 min of extension
at 72°C. In another five cycles, the annealing temperature started
at 58°C for 2 min, with a decrease of 2°C for subsequent cycles.

Then, PCR went through an additional 25 cycles of 45 s at 94°C,
2 min at 50°C, and 1 min at 72°C, with a final extension at 72°C
for 5 min.
For amplified fragment length polymorphism (AFLP), the
genomic DNA was double digested with PstI and MseI restriction
enzymes and ligated to corresponding AFLP adaptors. A preamplified PCR mixture of 40 µl consisted of 1× PCR buffer,
2.5 mM MgCl2, 0.2 mM dNTP mix, 75 ng each of unlabeled PstI
(5′-GACTGCGTACATGCAG) and MseI (5′-GATGAGTCCTGAGTAA) primers, 0.75 units of Taq Polymerase, and 10 µl of
10-fold diluted temperate DNA. PCR ran for 25 cycles at 94°C
for 30 s, 56°C for 1 min, and at 72°C for 1 min. The preamplified
PCR product then was used as a template for further selective
amplification. In all, 112 combinations of MseI and PstI primers
were screened between parents for polymorphism. For PCR, a
10-µl PCR mixture contained 2 µl of 10-fold diluted preamplified
DNA, 1× PCR buffer, 2.5 mM MgCl2, 0.2 mM dNTP mix, 10 ng
of unlabeled MseI primer, 0.35 pmol of florescent-labeled PstI
primer, and 0.2 unit of Taq polymerase. The PCR ran at 94°C for
2 min followed by 13 cycles of 94°C for 30 s and 65°C for 30 s,
with a touchdown temperature of –0.7°C/cycle in each following
cycle, and 72°C for 60 s; followed by another 23 cycles at 94°C
for 30 s, 56°C for 30 s, and 72°C for 60 s. To detect AFLP
products, PstI primers were end labeled with IRdye compatible
with the Li-Cor DNA analyzer.
The PCR products of SSR or AFLP were mixed with 5 µl of
formamide loading dye, denatured for 5 min at 94°C, and then
quickly cooled on ice before loading into a gel. To analyze PCR
products in the Li-Cor DNA Analyzer, a gel was made of 20 ml of
6.5% Gel Matrix (Li-Cor), 75 µl of 20% ammonium persulfate,
and 15 µl of TEMED by using 25-cm glass plates (Li-Cor). The
gel was cast at least 1 h before use. The gel was pre-run in a 1×
TBE buffer (50 mM Tris, 50 mM boric acid, and 1 mM EDTA)
for 15 min before the samples were loaded. Each well in the gel
was loaded with a 0.8-µl sample. The electrophoresis condition
was set at 1,500 V, 40 W at 45°C. Gel images were collected by a
scanner inside the analyzer simultaneously as the electrophoresis
progressed and data were scored on a computer screen by visual
inspection.
Data analysis. Statistical analysis was performed using the
SAS software (SAS Institute, Cary, NC). Effects among genotypes, environments, and replications were estimated by analysis
of variance (ANOVA). The heritability was estimated from
ANOVA using the formula h2 = σG2/(σG2 + [σE2/r]) for within an
environment and the formula h2 = σG2/(σG2 + [σGE2/E] + [σe2/rE])
for across the environments, where σG2 is the genetic variance,
σGE2 is the variance of genotype–environment interaction, σe2 is
the residual variance, E is the number of environments, and r is
the number of replications. Joinmap 3.0 was used to create a
genetic linkage map of SSR and AFLP (29) and MapQTL 5 (28)
was used to identify QTL location and effect. The threshold of log
of the likelihood ratio value for claiming a significant QTL was
determined according to a permutation test with 1,000 runs.
Digenic epistasis and environment interaction of QTLs were
analyzed using QTLmapper software version 1.6 (30).
RESULTS
Phenotypic performance of RILs. The FHB severity showed
continuous variation among RILs with a major peak toward
resistant parent (Fig. 1; Table 1). The averaged PSSs of the individual RILs over two locations ranged from 5.7 to 72%. The PSS
of CS-SM3-7ADS was low, 8.9% in the greenhouse and 13.2% in
the field. Only a few plants showed spread of FHB symptoms
from inoculated spikelet to nearby uninoculated spikelets in CSSM3-7ADS under both environments. FHB symptoms on the
susceptible parent Annong 8455 spread to from half to entire
inoculated spikes in all inoculated plants at both environments.
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Correlation between PSSs of the RILs across two locations was
significant (P < 0.01), with a correlation coefficient of 0.42, although the average PSS from the greenhouse experiment was
much higher than that from the field experiment. The more severe
infection on susceptible genotypes in the greenhouse was due to
the fact that greenhouse inoculation provided more favorable
conditions for FHB spread within a spike. Significant main effects
of QTLs, epistasis between QTLs, and QE interactions were
detected by variance analysis (Table 2). Heritability for low PSS
was 0.61 over two environments (Table 1).
A genetic map of SSRs and AFLPs. After 917 pairs of SSR
and 112 pairs of AFLP primers were screened for polymorphism
between parents, 199 SSR and 447 AFLP primers that amplified
polymorphic fragments were analyzed in the RIL population.
Chinese Spring and Sumai 3 were used as control to verify the
chromosome origin of the substitution line using SSR markers.
Among 646 markers, 552 were mapped in 41 linkage groups,
covering a genetic distance of 2,730 centimorgans (cM). Based on
previously published information for known SSR markers in the
map (14,18,19,24–26), 166 SSR and 335 AFLP markers in 36
linkage groups were tentatively assigned to 21 chromosomes that
covered a genetic distance of 2,546 cM. The rest of five linkage
groups with a total of 184 cM could not be assigned to any
chromosome due to lack of linked SSR markers in those linkage
groups. For the linkage groups assigned to the chromosomes, the
maximum intervals between adjacent markers were less than
31 cM (Table 3). Thirteen chromosomes consisted of at least two
linkage groups in the final map. Markers were not evenly distributed over all chromosomes (Table 3). Chromosomes 1B, 2B,
3A, 3B, 3D, 4A, 4B, 5A, 5B, 5D, 6A, 6B, 7B, and 7D had a better
coverage, with more than 100 cM per chromosome. Chromosome
3A had the most markers covering 201 cM, whereas chromosome
4D had the fewest markers covering 50 cM of genetic distance.
QTL for FHB resistance. QTLs associated with FHB resistance were identified with composite interval mapping (CIM)
based on either PSS of the RILs from each environment or mean
PSS over both environments using MapQTL software. Six QTLs
were detected on chromosome 1A, 2D, 3B, 4A, 4D, and 6A
(Table 4; Fig. 2). Among them, four QTLs showed reduced PSS
on chromosomes 2D, 3B, 4D, and 6A of CS-SM3-7ADS, whereas

Fig. 1. Frequency distribution of proportion of scabbed spikelets in a spike of
wheat recombinant inbred lines derived from the cross CS-SM3-7ADS ×
Annong 8455 evaluated in the greenhouse (Kansas) and the field (Nanjing)
conditions.

the other two showed increased PSS on 1A and 4A of CS-SM37ADS. Haplotype comparison among CS-SM3-7ADS, Chinese
Spring, and Sumai 3 indicated that those alleles were from
Chinese Spring. The QTL for low PSS on chromosome 3BS
showed the largest effect on low PSS in both environments (R2 =
26.7% in the greenhouse and R2 = 17.2% in the field), and was
positioned in the 9-cM interval between Xgwm533 and Xgwm493.
A QTL on 1A was also significant in both locations and explained
9.9% of phenotypic variation over two environments. A QTL on
2D was mapped in two different positions of the chromosome
when the data from two environments were analyzed. This QTL
explained 13.6 and 10.6% of the phenotypic variance in the greenhouse and the field, respectively. When the mean PSS from both
environments were analyzed, the significant QTL matched with
the one identified in the greenhouse environment. Another three
QTLs were significant when mean PSS from two environments
was analyzed, but only QTLs on 4A and 4D were significant at
one environment.
When data were analyzed using QTLmapper software, seven
putative QTLs with a significant main effect on FHB resistance
TABLE 2. Analysis of variance for the proportion of scabbed spikelets (PSS)
in a wheat spike from recombinant inbred line (RIL) population evaluated in
greenhouse (Kansas) and field (Nanjing) conditions
Item

df

MS

F value

P>F

Genotype
Environment
Genotype × environment
Replication
Error

91
1
91
2
367

1,395.67
29,489.21
687.0235
4,032.10
195.58

7.14
150.78
3.51
20.62
…

<0.0001
<0.0001
<0.0001
<0.0001
…

TABLE 3. Number of mapped markers and total genetic distance in each
wheat chromosome based on the genetic map developed from the recombinant
inbred line population derived from the wheat cross Chinese Spring Sumai 3
chromosome 7A disomic substitution line × Annong 8455
Chromosome
1A
1B
1D
2A
2B
2D
3A
3B
3D
4A
4B
4D
5A
5B
5D
6A
6B
6D
7A
7B
7D
a

Mapped
markers

Length of
linkage group

Maximal
intervala

23
24
14
16
30
24
38
27
17
37
21
9
30
33
14
31
28
9
13
48
15

90
178
53
91
131
81
201
111
139
150
124
52
141
150
106
135
138
92
70
171
142

14
18
11
25
18
14
26
20
28
14
13
12
16
16
31
23
11
19
12
15
23

Maximum genetic distance between two adjacent markers.

TABLE 1. Descriptive statistics of the proportion of scabbed spikelets (PSS) in a wheat spike from the parents and their recombinant inbred line (RIL) population
evaluated in greenhouse (Kansas) and field (Nanjing) conditions
PSS (%)
Environment

CS-SM3-7ADSa

Annong 8455

RIL means

RIL range

h2

Greenhouse
Field
Mean

8.9
13.2
11.0

97.9
45.1
71.5

37.0
22.2
29.6

6.0–100.0
4.1–55.0
5.7–72.2

0.84
0.95
0.61

a

Chinese Spring Sumai 3 chromosome 7A disomic substitution line.
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were detected on chromosome 1A, 1D, 3B, 4B, and 4D (Table 5;
Fig. 2). They collectively explained 24.8% of the phenotypic
variation for the main effect. Alleles at two 3B QTLs and a 4D
QTL demonstrated reduced PSS in CS-SM3-7ADS, whereas the
alleles at other QTLs showed increased PSS in CS-SM3-7ADS.
Both MapQTL and QTLMapper software detected three QTLs in
common on chromosomes 1A, 3B, and 4D. Another seven QTLs
were detected by only one of the two software.
Epistasis and QE interaction. Interactions were detected
between nine pairs of QTLs for FHB resistance, which involved
17 QTLs on 10 chromosomes (Table 5; Fig. 2). Those digenic
interactions together accounted for 26.5% of the phenotypic variation. Among them, three digenic interactions between 5A and
1D, 4D and 7B, and 4B and 3B had one QTL in each pair with a
significant main effect on FHB resistance that interacted with
another QTL without the main effect. Another six pairs of digenic
interactions occurred between those QTLs with no significant
main effect on FHB resistance (Table 5). Three pairs of digenic
interactions (3B and 1B, 4D and 7B, and 5A and 1D) facilitated
increased PSS, whereas another six pairs tended to reduce PSS.
The results indicate that additive–additive (AA) epistatic interactions play an important role in performance of FHB resistance
in CS-SM3-7ADS.
QE interactions were detected at eight loci that, together, explained 16.98% of phenotypic variation. Those QTLs were located on chromosome 1D, 2A, 2B, 3B, 4B, 5A, and 6D. Most of
them showed increased PSS (h2ae = 9.7%) and only three of them
showed reduced PSS in the greenhouse environment (h2ae =
7.0%) (Table 5). The largest environmental effect was detected on
1D QTL in the interval Xbarc149-Xwmc222 (h2aej = 5.7%) (Table
5). Nine pairs of interactions were detected for additive–additive–
environment (AAE), which explained 32.55% of phenotypic
variation and involved 18 loci on 1A, 1B, 1D, 2A, 3A, 3B, 4A,
4B, 4D, 5A, 6D, and 7B. Four AAE interactions showed reduced
PSS in the greenhouse conditions, which explained ≈15% of
phenotypic variation, whereas five AAE interactions showed
increased PSS in the greenhouse conditions and explained 18% of
phenotypic variation.
DISCUSSION
Schroeder and Christensen (21) proposed two types of resistance in wheat: resistance to initial infection (type I) and resistance to spread of blight symptoms within a spike (type II). Resistance to spread of FHB symptoms within a spike has been
considered to be a major component of FHB resistance (5).
Single-floret inoculation commonly has been accepted as a
standard method for measuring type II resistance. Two typical
environments usually are used for measuring type II resistance:
greenhouse and field. In this study, the RIL population and their
parents were evaluated for FHB resistance in both greenhouse
(Kansas) and field (Nanjing, China) environments to demonstrate
how environments affect QTL expression of type II FHB resis-

tance. The result showed that difference in PSS between RILs
with extreme reactions to FHB from the field experiment (51%)
was much smaller than that from the greenhouse experiment
(96%). This result indicated that greenhouse conditions are more
favorable for FHB spread in susceptible genotype and provide
better separation between different genotypes. However, significant correlation was observed between the data from two environments and QTLs with large effect were consistently detected in
the same chromosomes using the data from two environments. In
addition, CS-SM3-7ADS showed as high FHB resistance as
Sumai 3, whereas Annong 8455 showed high PSS in both environments. The result agrees with previous reports (32,35). Therefore,
both disease evaluation conditions were suitable for this study.
QTL mapping and cytogenetics studies associated FHB resistance with most of the wheat chromosomes (4). Creating substitution lines by replacing one chromosome in a susceptible cultivar
with a corresponding chromosome from a resistant cultivar provides a useful tool to test the resistance effect of an individual
chromosome. Using this method, a set of 21 Chinese Spring
substitution lines with Sumai 3 as the chromosome donor was
developed and evaluated for FHB resistance. Surprisingly, the
substitution line CS-SM3-7ADS demonstrated the same high
level of resistance as donor parent Sumai 3 (32,35). Interestingly,
chromosome 7A has not been documented to have any FHBresistance QTL to date, although QTLs for FHB resistance have
been mapped extensively in Sumai 3 and its derivatives. In this
study, neither main effect QTL nor epistatic QTL was identified
on chromosome 7A from Sumai 3. This result suggests that chromosome 7A of Sumai 3 may not carry any QTL for FHB resistance. The increased resistance in CS-SM3-7ADS might result
from replacement of a susceptible gene or a suppressor gene on
chromosome 7A of Chinese Spring by a neutral allele from Sumai
3. Investigation of FHB reaction of ditelosomic lines or nullitetrosomic lines may help further determination of the effect of
Chinese Spring 7A chromosome on FHB resistance.
Grausgruber et al. (12) investigated a series of substitution lines
of Chinese Spring replaced by single chromosomes from
Cheyenne (susceptible parent) and reported that 3B of Chinese
Spring was associated with FHB resistance. The same conclusion
was obtained through the molecular mapping approach in this
study. Marker data in this study suggested that the QTL from CSSM3-7ADS was located in the distal end of chromosome 3BS, as
reported in Ning 7840 (36). However, the QTL in CS-SM3-7ADS
had a smaller effect on FHB resistance than that from Sumai 3 or
Ning 7840 (1,36), and banding patterns of linked SSR markers
also were different from that in Sumai 3, suggesting that the 3BS
QTL in CS-SM3-7ADS is most likely allelic to the 3BS QTL in
Sumai 3. Similar QTLs on 3BS with smaller effects than Sumai 3
also were reported from other Chinese sources, such as Wangshuibai (34), Ning 894037 (23), and Huapei 57-2 (6). This result
suggests that the 3BS QTL may be a conserved region for major
FHB resistance QTL. Several alleles with various levels of FHB
resistance in this region exist in different Chinese landraces. In

TABLE 4. Quantitative trait loci (QTLs) associated with Fusarium head blight resistance in wheat detected from the recombinant inbred line population derived
from the cross Chinese Spring Sumai 3 chromosome 7A disomic substitution line × Annong 8455 by composite interval mapping using MapQTLa
Kansas
Chromosome
1A
2D
3B
4A
4D
6A
a

Flanking markers
XmGTG.pAG225-Xbarc28
XmCGTA.pACT236-XmACAG.pACT134
XmCGAC.pTGC102-XmTGC.pTGC70
Xgwm533-Xgwm493
mGCG.pGTG223-Xwmc617.2
Xcfd84-Xwmc331
XmCTG.pACTG134-XmCTG.pACT132

LOD
1.85*
2.86**
…
4.8**
1.9*
…
…

Jiangsu

R2

Add.

9
13.6
…
26.7
12.3
…
…

7.03
–9.11
…
–13.89
9.33
…
…

LOD
2.03*
…
2.19*
3.09**
…
1.89*
…

Mean over two environments

R2

Add.

10.5
…
10.6
17.2
…
9.2
…

4.24
…
–4.04
–5.8
…
–3.85
…

LOD
2.05*
3.47**
…
5.71**
1.96*
2.13*
1.83*

R2

Add.

9.9
11.8
…
30.2
9.3
10.8
8.9

4.81
–6.5
…
–9.62
6.71
–5.43
–5.06

Statistical significance of log of the likelihood ratio (LOD) denote a value in excess of the P = 0.05 or 0.01 (* or **, respectively) critical value by a permutation
test with 1,000 permutations.
Vol. 96, No. 5, 2006

537

this study, two different softwares consistently detected the major
QTL in CS-SM3-7ADS in two environments. The digenic interaction of this QTL with other QTLs was not detected and its
interaction with environment showed increased FHB resistance
under the favorable FHB infection condition (greenhouse). The
results suggest that this QTL is a stable major QTL for FHB
resistance and exists in many FHB-resistant sources. Because
many Chinese Spring genetic stocks are available, they can be
used as useful tools for molecular cloning of 3BS QTL for FHB
resistance.

QTLMapper detected an additional QTL on chromosome 3B,
which agrees with a previous report by Somers et al. (25). This
QTL is a minor QTL for low PSS and also expressed as an epistatic QTL to interact with a QTL on 4B and with environments
(AAE) to enhance FHB resistance. Both softwares detected a
QTL on 4D that showed increased FHB resistance in CS-SM37ADS, but epistatic interaction with a QTL on 7B and the environment showed reduced FHB resistance. MapQTL detected an
additional QTL for lower PSS on 2D when PSS from the
greenhouse experiment and mean PSS over two experiments were

(Continued on next page)
Fig. 2. Portion of genetic linkage map constructed from F7 wheat recombinant inbred lines derived from the wheat cross CS-SM3-7ADS × Annong 8455 showing
chromosome positions of main effect quantitative trait loci (QTLs), epistatic QTLs, and the QTLs involved in QTL–environment (QE) interactions for Fusarium
head blight resistance in wheat. QTL detected by MapQTL ( ), additive (A) effect QTL detected by QTLmapper ({), QTL with additive–additive (AA) epistasis
(Δ), QTL with additive–environment (AE) interactions (z), and QTL with AA epistasis–environment (AAE) interactions (S).
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analyzed. Yao et al. (32) and Zhou et al. (35) reported that the
Chinese Spring-Sumai 3 chromosome 2D substitution line was
more susceptible than Chinese Spring, and postulated that the
chromosome 2D of Sumai 3 might have a gene for FHB susceptibility. Our result suggests that Chinese Spring may carry an
FHB resistance allele on 2D. The reduced FHB resistance in the
Chinese Spring Sumai 3 chromosome 2D substitution line likely

was due to replacement of FHB resistance allele on 2D of
Chinese Spring by a neutral allele or susceptible allele on 2D of
Sumai 3.
The study also identified susceptible alleles at five QTLs on
chromosomes 1A, 1D, 4A, and 4B. Among them, both softwares
consistently detected one QTL on 1A at interval XmGTG.pAG225Xbarc28 in two environments. Although it had a minor effect, it

Fig. 2. (Continued from preceding page)
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appeared to be stable for increased PSS and didn’t interact with
the environments. A QTL for increased PSS was detected on 1D
only by QTLmapper, mainly through significant interaction with a
QTL on 5A and environments. QTLs on 4A and 4B were detected
by only one software and showed minor effects on increased PSS.
These may be unstable QTLs for increased PSS. Removal of
these susceptible QTLs should improve the level of resistance in
wheat cultivars.
The mapping population of 92 RILs might underestimate the
number of QTLs in this study. Vales et al. (27) reported that more
minor QTLs might be detected when a population size was
increased. However, they did not detect spurious QTL for barley
stripe rust resistance even when the population size was reduced
to 50 lines in comparison with a large population of 408 lines
(27). In addition, the QTLs estimated by different software were
different in this study. This may be due to different software
programs using different techniques for detection and estimation
of QTL (27). However, QTLs with a major effect on FHB resistance were detected by both softwares. Those discrepant QTLs
detected by different software usually showed a minor effect on
FHB resistance and associated with a large environmental effect.
Therefore, selection for FHB resistance in breeding programs
should focus on the major QTL.
The heritable genetic components include main effect and AA
epistasis. These two components were statistically separated by
the two-locus analysis in the present study. The analysis resolved
nine pairs of AA interactions involving 17 different loci that
explained 26% of phenotypic variation, whereas only 7 QTLs,
identified as main effect QTLs, explained ≈24.8% phenotypic
variation. This indicates that genetic effect of AA epistasis is
equally important as that of QTL main effect, and AA epistasis
plays an important role in FHB resistance. Epistatic effects also
were noticed in a classic genetic study (5). Using molecular
mapping, Gervais et al. (10) and Zhou et al. (36), using two-way
marker analysis, identified AA epistatic effects for resistance to
FHB. The results indicated that wheat FHB resistance is a complicated trait and may be controlled by a complicated gene network.

Epistatic interactions between minor QTLs may play a significant
role in enhancing overall FHB resistance in a cultivar. Therefore,
to select a cultivar with a high level of resistance, breeders need to
select for all FHB-enhancing genes and remove as many susceptible genes as possible in the cultivar. In addition, manipulating
resistance genes in moderately resistant cultivars may make efficient use of limited genetic resources and provide a new approach
for quick release of commercial cultivars.
Environments can significantly affect the level of FHB resistance in a cultivar. As seen in this study, the PSS for Annong 8455
was 55% in field conditions but almost 100% in greenhouse
conditions. Many studies have demonstrated the significance of
genotype–environment interactions and used it to determine the
stability of FHB resistance by analyzing data from multiple years
or locations (9,13,16). QTL mapping for FHB resistance provided
the information on possible QTLs that behaved differently under
different environments by simple comparison of the QTLs detected in different years and locations (10,17,25). However, such
comparison could not provide direct estimates of the interaction
effects of QTLs with the environment. Yang et al. (31) attempted
to separate relative contributions of QE interactions and didn’t
detect significant interactions between main effect or epistatic
QTLs and the environments. The results in this study revealed
that environments affected most QTLs with a main effect on PSS
(Table 5). In general, if main effect showed increased resistance,
their interaction with the environment also resulted in increased
resistance under favorable infection conditions. The result indicates that the same locus may express different degrees of resistance in different environments. In addition, although the main
effect of some QTLs is not significant in QTL analysis, they
might show a significant interaction with environments and play
an important role in overall FHB resistance performance. Those
“epistatic QTLs” were more sensitive to the change of environments. Furthermore, a very large portion of phenotypic variation
(32.5%) was explained by interactions between AA epistasis and
environments. This indicates that the environment mainly interacted with digenic epistatic QTLs to alter QTL effects on FHB

TABLE 5. Main effects, epistatic effects, and environmental interactions of quantitative trait loci (QTLs) for Fusarium head blight resistance in wheat detected
from the recombinant inbred line population derived from the cross Chinese Spring Sumai 3 chromosome 7A disomic substitution line (CS-SM3-7ADS) ×
Annong 8455 using QTLMapper softwarea
Chr. Flanking markers (i) Chr. Flanking markers (j)
1A
1A
2A
3A
3B
3B
4A
4B
4D
5A
5A
7B
a

XmCGAT.pCGA212XmCACG.pAGG153
XmGTG.pAG225Xbarc28
Xgwm95-Xgwm558
XmCAG.pACA262XmCGTA.pACT280
XmTCGA.pACTG174XmGCG.pAGG185
Xgwm533-Xgwm493
Xwmc497XmCAT.pAGT217
XmGCAG.pGTG318Xbarc163
Xcfd84-Xwmc331
Xbarc360-Xbarc40
XmAGACpACA304Xbarc1
Xwmc51.1-Xwmc517

Xwmc505.2XmTGCpGTG333
XmCAT.pAGT586D XmGAC.pACTG257
1D Xwmc222-Xbarc152
4B

7B
1B
2B

7B
3B
7B
1D
4A
1B

Xwmc51.1-Xwmc517
XmTGC.pTGC131XmTGC.pACT127
XmCTGA.pACT96Xwmc474.2
XmCTA.pACT220XmGCG.pAGG219
XmGCAG.pACT166XmCTCG.pAGG208
XmGCG.pAGG219XmCACG.pTGC273
Xbarc149-Xwmc222
XmCGAC.pAG108XmTCGA.pCGA188
XmGAC.pAGT73XmCGTA.pAGG161

LR

ai

h2ai

aj

h2aj

aaij

h2aaij

aei

h2aei

aej

h2aej

aaeij

h2aaeij

19.20

2.90

1.50

2.54

1.15

…

…

…

…

1.91

1.31

…

…

39.05
43.58

2.66
…

2.81
…

…
…

…
…

…
–5.83

…
6.07

…
2.13

…
1.59

1.20
1.27

0.51
0.57

1.34
–1.53

0.64
0.81

25.97

…

…

…

…

–3.71

2.46

…

…

…

…

–3.21

3.46

54.55

…

…

…

…

5.12

4.68

…

…

…

…

4.80

8.04

74.08

–8.18

11.95

…

…

…

…

–2.58

2.28

–1.36

0.65

…

…

21.11

…

…

…

…

–2.86

1.46

…

…

…

…

–4.52

4.14

58.50

…

…

–2.29

0.94

–4.41

3.47

…

…

…

…

–3.79

5.79

35.48
59.25

–2.69
…

1.29
…

…
5.06

…
4.58

2.61
3.26

1.22
1.90

…
–3.28

…
4.11

…
4.06

…
5.71

1.80
5.13

1.17
7.07

19.06

…

…

…

…

–2.54

1.15

…

…

…

…

2.10

1.42

21.50

…

…

…

…

–4.79

4.09

…

…

…

…

…

…

Overall contributions: additive, h2a = 24.80%; epistasis, h2aa =26.50%; QTL–environment (QE) interactions, h2ae = 16.98%; h2aae =32.55%. Chr. = chromosome. ai and aj are the additive effects of testing loci i and j, respectively; a positive value indicates the CS-SM3-7ADS genotype having a positive effect on
proportion of scabbed spikelets (PSS). aaij is the effect of additive by additive interaction between two loci i and j; a positive value indicates that the parental twolocus combinations have a positive effect on PSS aei, aej, and aeij are the additive effects of the QE interactions from single loci i and j and epistatic loci,
respectively; a positive value indicates that the Kansas environment has a positive effect on PSS. h2ai, h2aj, h2aaij, h2aei, h2aej, and h2aaeij are the percentages of
the phenotypic variations explained by ai, aj, aaij, aei, aej, and aaeij, respectively.
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resistance. The interaction usually enhances the AA epistatic
effect, with only one exception. More than half of such interactions showed increased PSS in the greenhouse environment.
Therefore, AAE plays a more important role in FHB resistance
expression than main QTL effect or AA epitasis alone. Therefore,
creating appropriate environments for FHB evaluation is very
important for genetic research and breeding selection.
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